The energy status of the chicken at slaughter has a large impact on the development of pH postmortem and thus on color and water-holding capacity (WHC). Supplementation of creatine monohydrate and glucose (CMH+GLU) may increase the creatine content in the muscles before slaughter, thereby delaying the formation of lactic acid and postponing the pH decline. The objective of this study was to examine the impact of supplementing CMH+GLU in the drinking water within the last 48 h before slaughter on the pH decline, meat color, and WHC in the pectoralis major from 2 strains of Ross chickens. Forty Ross 308 (fast-growing) female chickens and 40 Ross 1972 (slow-growing) female chickens had free access to drinking water either supplemented with CMH (15 g/ L) and glucose (50 g/L) within the last 48 h before slaughter or without supplementation. All chickens were slaughtered at 42 or 43 d of age irrespective of weight.
INTRODUCTION
The market for poultry meat has to a large extent shifted from whole birds to smaller cuts and processed meat. This has led to an increased attention on meat quality properties such as water-holding capacity (WHC) and meat color, which have a large impact on the economy within the processing industry and on consumer acceptance, respectively.
Development of pH, meat color, and WHC are closely connected (Dransfield and Sosnicki, 1999; Fletcher, 1999; Wilkins et al., 2000) and are associated with the energy status of the muscles at slaughter, which again is highly influenced by the duration of transportation and the stress before and during slaughter. Low glycogen stores in the muscles at slaughter cause a high ultimate pH due to low production of lactic acid postmortem. This leads to a dark meat color and a risk of shorter shelf life. High glycogen 
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Temperature and pH were measured at 1 and 30 min and at 1, 3, 8, and 24 h postmortem. Also, WHC measured as drip loss and color were determined postmortem. The CMH+GLU supplementation decreased pH (P < 0.05) at all time points between 1 min and 8 h postmortem in both strains, whereas at 24 h postmortem only pH in Ross 308 chickens were decreased significantly upon supplementation. Lightness was significantly increased in the meat from Ross 308 but not from Ross 1972 chickens upon supplementation. This interaction was significant (P < 0.05). The redness of the meat was decreased upon supplementation (P < 0.05), although only significantly in Ross 1972. The pH was lower for Ross 1972 chickens at the early time points (P < 0.01) and also a higher drip loss (P < 0.05), lightness (P < 0.01), and redness (P < 0.001) were observed. Thus, there seems to be no beneficial effect of CMH+GLU supplementation on chicken meat quality on the basis of results from this experiment.
stores on the other hand may lead to a fast pH decline shortly after slaughter and thus a low pH while the carcass temperature is still high. This causes denaturation of proteins, paler meat, and lower WHC. A high ultimate pH may lead to meat with a shorter shelf life due to a higher bacterial growth rate. Postmortem, a lower ultimate pH can be induced by decontamination with lactic acid, thereby reducing the microbiological growth and leading to longer shelf life (Zeitoun and Debevere, 1992) ; hence a lower intrinsic pH of the meat may suggest a similar effect on microbiological growth.
Supplementation of creatine monohydrate (CMH) before slaughter has been found to delay the muscle pH decline postmortem in some pig studies, possibly with a positive effect on WHC James et al., 2002; Young et al., 2005) . The CMH supplementation has been shown to increase the muscle creatine phosphate level in humans (Balsom et al., 1994) and thus increase the capacity of the muscle to produce ATP. This may delay the breakdown of glycogen in the muscle, postpone the production of lactic acid, and therefore delay the postmortem decline in pH. Creatine phosphate has also been shown to increase the water retention in human muscle (Juhn, 1999) , which may cause increased water content and a better WHC postmortem as found by Young et al. (2005) in pigs. Supplementation of glucose may also delay glycogen breakdown in the muscles before slaughter and thereby increase the energy level of the muscles leading to a lower ultimate pH.
The intensive breeding for growth parameters and muscle mass has developed chickens with extreme growth rates. This has caused changes in the area and type of muscle fibers in the various chicken muscles, showing that increased growth rate involves a change toward more glycolytic fibers (Dransfield and Sosnicki, 1999) . Also in pigs, selection for increased growth rate has been shown to change the fiber type toward more glycolytic fibers (type IIb; Oksbjerg et al., 2000) , and the percentage of type IIb fibers correlates to postmortem pH and lightness of the meat (Larzul et al., 1997) . The metabolism of the fibers changes with differences in fiber type, and a change in metabolism within fibers is therefore expected between fast-and slow-growing chickens. Studies in humans have shown that type II fibers have a larger increase in creatine phosphate upon CMH supplementation than type I fibers (Balsom et al., 1994) . Thus, differences in growth rate may well influence the metabolism of the muscles and thereby influence final meat quality characteristics such as the pH decline postmortem, meat color, and WHC.
The objective of this study was to examine the impact of supplementation of CMH together with glucose in the drinking water within the last 48 h before slaughter on the postmortem pH decline, meat color, and WHC in the economically important pectoralis major (PM) from a fastand a slow-growing strain of Ross chickens.
MATERIALS AND METHODS

Birds and Treatments
This experiment was conducted at the Danish Institute of Agricultural Sciences, Research Center Foulum. Two strains of Ross chickens were used: Ross 308, which is a commercial strain, and Ross 1972, which has not been selected for growth since 1972. The Ross 1972 chickens were provided by Aviagen (Newbridge, Scotland). A total of eighty 1-d-old female chickens, 40 of each strain, were penned in floor cages with 10 randomly selected chickens of the same strain per cage and a density of 6.25 chickens/ m 2 . Cages were randomly assigned to 2 different treatments given a total of 4 treatment groups: 1) Ross 308 without creatine (control); 2) Ross 308 with free access to water containing 15 g/L of CMH (Micronized creapure, Degussa Food Ingredients, D-85354 Freising, Germany) and 50 g/L of glucose during the last 48 h before slaughter (Creatine); 3) Ross 1972 without creatine (control); and 4) Ross 1972 with free access to water containing 15 g/L of CMH and 50 g/L of glucose (Creatine) during the last 48 h before slaughter. The experimental design therefore allowed 2 cages per treatment group and thus a total of 20 chickens per treatment group. Standard feed was provided ad libitum during the entire experiment, and feed intake was recorded per cage at d 21 and at slaughter. The room temperature was gradually decreased from 33°C at the start of the experiment to 21°C at d 21 and maintained at this temperature until slaughter. The relative humidity was 50% from d 1 to 10 and was gradually increased, thereafter reaching 80% at d 42. The day-night cycle was full light the first 3 d, 1 h dark from d 3 to 5, 8 h dark from d 5 to 13, 4.5 h dark from d 13 to 20, and 1.5 h dark from d 29 until slaughter. The chickens within a cage were weighed together before start of the experiment (1 d old). At the day of slaughter they were weighed individually. Feed was withdrawn 10 h before slaughter, but chickens had free access to drinking water until slaughter. The chickens were slaughtered at 42 or 43 d of age at the experimental slaughterhouse of the Danish Institute of Agricultural Sciences. Because of practical circumstances it was not possible to slaughter all the chickens on the same day.
Slaughter Procedure
At the day of slaughter, the chickens were weighed, collected in boxes, and transported to the experimental slaughterhouse. The chickens were placed in boxes 1 to 2 h before slaughter. The slaughter procedure was as described by Young et al. (2004) with minor changes. In short, the chickens were hung by the legs on the processing line for 4 min before stunning (electrified water bath; 94 V:0.1 A for 40 s), cut through the carotid arteries, and bled for 5 min. The carcasses were passed through a scalding vessel (58 to 59°C for 3.5 min) and a plucker (2 min) before evisceration. The carcasses were kept at approximately 18°C for 1 h postmortem and thereafter stored in a chilling room at 4°C until 24 h postmortem, when the last measurements were done. On each slaughter day, temperature and pH were measured on one-half of the carcasses from each treatment, whereas WHC and Minolta color were measured on the other half.
Temperature and pH Measurements
Temperature and pH were measured in the right part of the PM at 1 and 30 min postmortem and again at 1, 3, 8, and 24 h postmortem. The pH was measured with a pH meter (Radiometer PHM210, Copenhagen, Denmark) equipped with an insertion glass electrode (Model 704, Metrohm, Herisau, Switzerland). The electrode was calibrated in buffers at pH 4.00 and 7.00 at ambient temperature.
Water-Holding Capacity
The WHC was determined in PM as the percentage of drip loss over a 48-h period. At 4 h postmortem a muscle sample was taken from the carcass using a 25-mm cork borer perpendicular to the muscle fiber direction. The weight of the samples was approximately 4 g, but there was a large variation due to the extreme size differences between carcasses from the 2 different strains. The sam- ples were weighed, placed in an airtight container to avoid evaporation, and stored at 4°C. The samples were placed in the container so the muscle fiber direction was horizontal to gravity. After 48 h the muscle sample was weighed again, and the percentage of drip loss was determined.
Minolta Color
Color was measured in PM 4 h postmortem. The PM was exposed and allowed to bloom for 1 h at 4°C before measurements. The average of 3 measurements was recorded for lightness (L*), redness (a*), and yellowness (b*) of the muscle. Color was measured using a Minolta Chroma Meter (CR-300, Osaka, Japan) calibrated against a white tile (L* = 92.30, a* = 0.32, and b* = 0.33).
Data Analysis
Data were analyzed by a split-plot model using the Mixed procedure of SAS (SAS Institute Inc., Cary, NC). Strain, treatment, and the interaction between these were included as fixed effects in the analysis of birth weight, water consumption, and feed intake, and bird nested within cage was a random effect. Slaughter day was also included as a random effect for feed intake. Analysis of weight at slaughter, WHC, and color were performed including strain, treatment, and the interaction between these as fixed effects, and with slaughter day and bird nested within cage as random effects. For WHC, the initial weight of the sample was included as a covariate. Temperature and pH were analyzed with strain, treatment, time point postmortem, and interactions among these as fixed effects, with time points postmortem as repeated measurements and with slaughter day and bird nested within cage as random effects.
RESULTS
Food Intake and Water Consumption
As expected, food intake from birth to slaughter was not affected by supplementation, but there was a significant difference in food intake between strains (P < 0.01; Table 1 ).
Water consumption during the last 48 h was significantly increased for chickens supplemented with CMH and glucose (P < 0.01). Also, a significant difference in water consumption was found between strains (P < 0.0001); Ross 308 chickens had a much higher consumption than Ross 1972 chickens. There was a tendency toward an interaction between strain and supplementation for water consumption (P = 0.08), in that the increased water consumption with supplementation was higher for Ross 308 than Ross 1972 chickens.
Body Weights and Growth
Body weight at d 1 and at slaughter, as well as average daily gain, were not different between treatment groups (Table 2) .
Ross 308 chickens were significantly heavier than Ross 1972 chickens both at d 1 (P < 0.0001) and at slaughter (P < 0.0001). This was also reflected in a much faster growth rate of Ross 308 compared with Ross 1972 chickens (P < 0.0001).
WHC and Color
A tendency toward lower WHC (higher drip loss) was found in meat from supplemented chickens (P = 0.07; Table 3 ). This was especially pronounced in Ross 308 chickens with no significant effect in Ross 1972 chickens (P > 0.05). Between strains, WHC was significantly different (P < 0.05) because meat from Ross 1972 chickens had a lower WHC (higher drip loss) than meat from Ross 308 chickens.
Supplementation with creatine monohydrate and glucose (CMH+GLU) decreased the redness of the meat significantly (P < 0.05; Table 3 ). The CMH+GLU caused an increase in the lightness of the meat in Ross 308 chickens, whereas there was no effect of CMH+GLU in Ross 1972 chickens. This interaction between strain and supplementation on lightness was significant (P < 0.05). Although the yellowness of the meat was not significantly affected by CMH+GLU, a significant interaction between strain and supplementation (P < 0.05) was found. This interaction shows that CMH+GLU caused an increase in the yellowness of the meat in Ross 308 chickens, whereas it caused a decrease in Ross 1972 chickens. Means within a row without a common superscript differ significantly.
1
LSmeans.
2 One-day-old chickens at the start of the experiment.
3
Live BW at the day of slaughter.
4
From 1-d-old until slaughter.
Meat from Ross 1972 chickens was both significantly lighter (P < 0.01) and redder (P < 0.0001) than meat from Ross 308 chickens, whereas the yellowness of the meat was not different between strains.
pH
The pH development postmortem is shown in Figure  1 . At all time points between 1 min to 8 h postmortem, CMH+GLU supplementation caused a significant decrease (P < 0.05) in the pH value compared with control chickens. At 24 h postmortem, the pH was decreased significantly only in Ross 308 chickens. Thus, CMH+GLU supplementation caused a significant decrease in pH already at 1 min postmortem (P < 0.01), and this was evident also at 24 h postmortem for Ross 308 chickens (P < 0.05).
There was also a significant difference in the pH value between strains, although not at all time points postmortem. The difference was apparent at 1 min, when the pH in Ross 1972 chickens was significantly lower than in Ross 308 chickens (P < 0.0001). Likewise, at 30 min and 1 h the pH was lower in Ross 1972 than in Ross 308 chickens (P < 0.01), whereas at 3, 8, and 24 h postmortem there was no significant difference in pH between strains.
Temperature
The postmortem temperature decline is shown in Figure 2. There was no significant effect of CMH+GLU supplementation on the temperature decline postmortem. As expected, there was a significant difference in the temperature decline postmortem between strains (P < 0.0001) due to the much lower weight of the Ross 1972 chickens, which makes them more sensitive to room temperature. This difference in temperature was found from 30 min until 3 h postmortem. At 1 min and 8 and 24 h, there was no significant difference.
DISCUSSION
In this study we have shown that supplementation of CMH together with glucose in the drinking water for chickens the last 48 h before slaughter has a significant effect on the pH postmortem in the PM muscle. The pH was significantly lower for CMH+GLU-supplemented chickens at all time points measured from 1 min until the ultimate pH measured at 24 h postmortem, except for Ross 1972 chickens at 24 h. The supplementation with CMH+GLU was expected to buffer the lactic acid production and thus delay the pH decline (Prevost et al., 1997) , which has been found in some pig studies Maddock et al., 2002; Young et al., 2005) . In this study, the opposite effect of CMH+GLU supplementation was found. Also Young et al. (2004) found a decrease in pH at 3, 4, and 8 h postmortem in CMH-and glucose-supplemented chickens, but neither within the first hour nor at later time points as found in this study at 24 h for Ross 308 chickens. The main difference between these experiments was the duration of supplementation being 18 and 42 h (Young et al., 2004) , compared with 48 (308) and Ross 1972 Ross (1972 chickens either supplemented with 15 g of creatine monohydrate/L and 50 g of glucose/L in the drinking water during the last 48 h before slaughter (w/ CMH+GLU) or controls without supplementation (wo/ CMH+GLU). Significant differences were found between breeds (P < 0.01), treatments (P < 0.001), time point postmortem (P < 0.001), and an interaction between breed and time point postmortem (P < 0.001). LSmeans of 7 to 11 birds per treatment. SEM: 308 with CMH+GLU = 0.06; 308 without CMH+GLU = 0.06; 1972 with CMH+GLU = 0.06; 1972 without CMH+GLU = 0.07. h in this study. Thus, the CMH and glucose intake was higher for chickens in this study, which may have led to a higher content of glycogen and creatine phosphate in the muscles. Unfortunately this was not investigated in the present study. Young et al. (2004) did find a difference in pH between chickens supplemented with CMH and glucose for either 18 or 42 h, indicating that time of supplementation affects the pH development postmortem.
The lower ultimate pH of supplemented Ross 308 chickens may be explained by the glucose supplementation. A higher glucose intake during the last 48 h before slaughter probably helps preserve the glycogen store in the liver. Liver glycogen can then be used as a source of energy during transportation and lairage, leaving the glycogen stores in the muscles at a higher level. The higher glycogen level in the muscles at slaughter will lead to a higher production of lactic acid and thus a lower ultimate pH.
Several studies have investigated the effect of CMH supplementation on meat quality in pigs. These studies show varying results, possibly due to differences in the duration of the treatment period and the breeds used. In some studies, no effect of CMH supplementation has been found for pH at 45 min and 24 h postmortem in several investigated muscles (Stahl et al., 2001; James et al., 2002; Berg et al., 2003; Stahl and Berg, 2003) . In other studies, supplementation with CMH led to a higher pH at 45 min Maddock et al., 2002; Young et al., 2005) . The ultimate pH at 24 h postmortem was only found to be higher in the study by Berg and Allee (2001) . In the study by Young et al. (2005) , 2 pig breeds were used, and only one of these exhibited a higher pH postmortem after CMH supplementation.
Thus, these results imply that CMH+GLU is not able to buffer the production of lactic acid and delay the pH decline in chicken PM, as seen in some studies with pigs. In contrast, the supplementation seems to accelerate the pH decline in this study starting immediately after slaughter as indicated by the lower pH at 1 min postmortem. Unfortunately, it has not been possible to separate the effects of glucose and CMH in this study, which may have helped to explain the results further.
The WHC of the meat is closely connected to the pH development postmortem. In this study a tendency toward lower WHC (higher drip loss) was found in meat from supplemented chickens, and for the Ross 308 strain the difference was significant. This is in agreement with the study by Young et al. (2004) , where the WHC was reduced after 18 and 42 h of supplementation. In pigs, most studies show no effect of CMH supplementation on WHC (O'Quinn et al., 2000; Berg and Allee, 2001; Maddock et al., 2002; Stahl and Berg, 2003) , although James et al. (2002) did find a lower drip loss in the longissimus muscle from CMH-supplemented pigs. Also Young et al. (2005) found a reduced drip loss after CMH supplementation in Duroc pigs, whereas there was a tendency toward higher drip loss in Landrace pigs. Thus when an effect is found, the effect of CMH supplementation on WHC seems to be different between chicken and pigs; the effect in chicken is negative whereas in pigs it is positive. The ability of CMH to increase the intracellular volume by water uptake in the muscle, thereby increasing the water content and WHC, does not seem to apply for chicken PM. Unfortunately, the muscle volume and water content were not analyzed in this study; thus whether the muscle actually had an increased water uptake, even though the WHC was reduced, is not known.
The pH development has a large impact on the color of the meat. In this study, we found that CMH+GLU supplementation caused a significant decrease in the redness (a*) of the meat in Ross 1972, whereas redness was numerically, but not significantly lower in Ross 308. Lightness (L*) and yellowness (b*) increased only in Ross 308 chickens upon supplementation. In a fast-growing strain of chicken, Young et al. (2004) also found an increase in the lightness and yellowness after CMH supplementation, which is in agreement with the results for Ross 308 chickens from this study. The increased lightness of meat from supplemented Ross 308 chickens compared with control chickens may well be explained by the pH development, as the pH at all time points was lower for supplemented chickens. A lower pH at the same temperature causes the proteins to denature, which leads to a higher scattering of light from the meat surface and therefore an increased lightness. In pigs, most studies have not shown an effect of CMH supplementation on color measurements (O'Quinn et al., 2000; Berg and Allee, 2001; Stahl and Berg, 2003) , although in one study an increased lightness was observed (Stahl et al., 2001 ) and in another a decreased redness (Young et al., 2005) was found.
As expected, there was a very large difference between Ross 308 and 1972 chickens regarding growth rate, and therefore a large difference in BW at different time points, including weight at slaughter. Also feed intake and water consumption were higher for Ross 308 compared with 1972 chickens, which is closely related to the larger BW and growth rates. The large difference in weight at slaughter between strains is important to keep in mind when discussing the variation in meat quality because the size of the muscles and muscle fibers may in itself cause differences in meat quality.
Selection for increased growth rate generally changes the muscle fiber type distribution toward more and larger type IIb fibers at the expense of type I fibers (Dransfield and Sosnicki, 1999; Oksbjerg et al., 2000) . Because PM is a muscle with an originally high proportion of type IIb fibers, the effect of increased growth rate on fiber type distribution may not have a large impact on PM. On the other hand, we did find that Ross 1972 chickens had more red meat (higher a* values) than Ross 308 chickens, which indicates that the Ross 1972 strain may have a higher proportion of type I fibers in PM. Surprisingly, the meat from Ross 1972 chickens was also lighter (higher L* values). Generally, an inverse relationship is found between redness and lightness (Fletcher, 1999) . The lightness of the meat is also negatively correlated to the pH postmortem and the WHC (Dransfield and Sosnicki, 1999; Fletcher, 1999) . Thus, the lighter meat and lower WHC (high drip loss) of Ross 1972 compared with 308 chickens may well be explained by the much lower initial pH at high temperatures. Even though the pH values are not as low in chickens as in pigs, we found the same relationship between pH, lightness, and WHC in this study. Thus, Ross 1972 chickens have a significantly lower pH within the first hour postmortem, which may explain the lower WHC (higher drip loss) and lighter meat. The reason Ross 1972 chickens have an initial lower pH at 1 min postmortem compared with Ross 308 chickens is not obvious. On the other hand, the Ross 308 chickens have a faster pH decline than Ross 1972 chickens, which may be explained by a higher proportion of fast, glycolytic type IIb fibers implied by the lower values for redness in Ross 308 than in 1972 chickens.
In conclusion, supplementation with both CMH and glucose to broilers the last 48 h before slaughter decreases pH at all time points measured from 1 min postmortem until 8 h in both the slow-and fast-growing strain, whereas the ultimate pH at 24 h was decreased upon supplementation in Ross 308 chickens only. Also, supplementation increased the drip loss and lightness (L*) of the meat in Ross 308 but not in Ross 1972 chickens. Redness (a*) of the meat was decreased upon supplementation in both strains, although only significantly in Ross 1972. The pH was lower for Ross 1972 chickens at the early time points, and also a higher drip loss, lightness, and redness were observed compared with Ross 308 chickens. Thus, there seems to be no beneficial effect of CMH and glucose supplementation on chicken meat quality on the basis of results from this experiment. The lower ultimate pH found in Ross 308 chickens may be beneficial to shelf life due to less bacterial deterioration of the meat.
